Field experiments were conducted for three years 
water from agricultural areas (Schwab et al., 1973; Bengtson et al., 1984; Kanwar and Baker, 1991; Kanwar et al., 1988 ). Reviews of several other studies on the effects of agricultural practices on subsurface water quality are also presented by Baker and Johnson (1977) , Gilliam and Skaggs (1986) , and Hallberg (1986) . Hallberg (1986) has suggested that infiltration recharge may be the primary delivery mechanism of agriculture related contaminants to the groundwater. Researchers are investigating the possibility of developing best management practices to protect water resources from chemical pollution while sustaining crop productivity. Agricultural management practices such as crop rotations, chemical management, and water-table management (WTM) are considered to reduce the negative effects of the use of agricultural chemicals on groundwater. Water-table management practices including subsurface drainage, controlled drainage, and subirrigation have been identified as beneficial practices for reducing nitrate loss from the soil system to the groundwater through increased denitrification in the shallow water tables (Skaggs and Gilliam, 1981; Gilliam and Skaggs, 1986; Wright et al., 1989; Kanwar and Kalita, 1990) .
The benefits of WTM practices on water quality have been investigated under different soils, crops, and climatic conditions primarily during the last decade in Iowa (Kanwar, 1990) , Georgia (Thomas et al., 1991) , Louisiana (Bengtson et al., 1991) , Michigan (Belcher and Merva, 1991) , North Carolina , and Ohio (Fausey et al., 1991) . These studies have focused on the effects of WTM practices on crop yields, economic benefits, and modeling of the flow systems. The most frequently observed benefit of WTM on water quality has been its influence on total nutrient transport in drainage outflow (Evans et al., 1989a) . Evans et al. (1989b) reported that drainage control reduced the annual transport of total nitrogen (NO3-N and TKN) at the field edge by 46.5% and total phosphorous by 44%. Similar results have been reported using simulation methods (Skaggs and Gilliam, 1981; Deal et al., 1986) . Gilliam et al. (1979) reported nitrate concentration reduction of nearly 50% under controlled drainage when compared with uncontrolled drained fields.
The overall objective of this study was to evaluate the effect of WTM practices on water quality and crop yields. Com yields and other com growth parameters as affected by WTM practices in Iowa have been reported Kanwar, 1992a, 1992b) earlier. This article reports the effects of various WTM practices on the transport of NO3-N to shallow groundwater during three com-growing seasons in Iowa.
METHODS AND MATERIALS SITE DESCRIPTION
Experiments were conducted during 1989-91 at Iowa State University's research centers in Ames and Ankeny, Iowa. The soils are predominantly Nicollet loam at the Ames site, and Nicollet silt-loam at the Ankeny site. Table 1 lists some of the physical properties of the soils at these two sites.
At the Ames site, nine field lysimeters of 3 x 6 m were installed in 1986. Lysimeters were enclosed using a 0.25-mm-thick plastic barrier to a depth of 1.2 m to prevent lateral subsurface water movement between plots. A 0.2-m wide by 1.2-m deep trench was made around each lysimeter, and the plastic barrier was placed in it. The lysimeter soil was undisturbed. A corrugated, perforated plastic tube (100-mm diameter) was installed at the bottom of the trench inside the plastic barrier. Corrugated plastic pipe (0.46-m diameter x 1.35-m deep) was installed as a sump at the comer of each lysimeter. The two ends of the perforated plastic tube were inserted into the sump at 0.15 m from bottom, and trenches were back-filled with excavated soil. In 1989, all lysimeters were enclosed with a 0.25-mm thick PVC (poly-vinyl-chloride) flexible liner to a depth of 1.7 m. Each liner encased a square area (9 x 9 m) with the 3 X 6 m field lysimeter located in the center to prevent lateral movement of subsurface water. A float mechanism was installed in each sump to maintain the desired water level in the lysimeter. Figure 1 shows an isometric view of the lysimeter with installed sump and float assembly. Each lysimeter was connected to the main water-supply tank using a 75-mm diameter PVC irrigation pipe. The main water-supply tank (1.6-m high and 1.3-m diameter) was raised 2.0 m from the soil surface and placed on a concrete floor. Hydraulic head was adequate for free flow of water from the tank to all lysimeters. Figure 2 shows the layout of the experimental area. At the Ankeny site, a dual-pipe subirrigation system was installed in 1988 on a 0.85-ha area with natural surface slope of 2.5%. The basic concept of the dual-pipe subirrigation system is illustrated in figure 3 . Shallow irrigation pipes were installed at a depth of 0.5 to 0.6 m parallel to and midway between drainage pipes, which were installed at a depth of 1.2 m. The natural slope along the length of the field allowed water tables to be maintained at various depths by controlling the subsurface drainage outflows and by supplying irrigation water through the subirrigation pipes.
WATER-TABLE TREATMENTS
At the Ames site, water-table depths were maintained at 0.3, 0.6, and 0.9 m during the period from 53, 52, and 50 days after planting (DAP) to harvesting in 1989, 1990, and 1991, respectively . It took almost three days to raise the water table to the treatment depths. Water-table treatments were replicated three times using nine field lysimeters every year. The elapsed time of about 50 days from planting to the start of water-table treatment allowed com roots to develop within the 0.3 to 0.9 m soil profile. Water-table elevations were maintained at treatment depths until harvest time. Observation wells (25-mm diameter and 1.5-m long PVC pipes) were installed in each lysimeter to monitor water levels.
At the Ankeny site, water-table depths ranged from 0.03 to 1.25 m during the growing season. The average water-table depths at five locations where monitoring devices were installed in the subirrigation field were maintained at 0.2, 0.3, 0.6, 0.9, and 1.1 m, respectively. A maximum water-table depth of 1.25 m was observed at the highest elevation site (north boundary) of the field in the beginning of the season, and a minimum water-table depth of 0.03 m was observed at the lowest elevation site of the field once during the growing season due to heavy rainfall in 1990. Water-table depths, however, were maintained through subirrigation from 53 to 96 DAP in 1989 and and from 45 to 97 DAP in 1991. A period of about 50 days between planting and start of subirrigation also allowed com roots to grow uniformly in this field to a depth of 0.3 to 0.9 m without waterlogging problem.
GROUNDWATER SAMPLING
For collecting shallow groundwater samples from both sites, solute suction tubes (suction lysimeters) were made by coupling a 200-kPa porous ceramic cup to the end of a 38-mm diameter PVC pipe. The suction tubes of different lengths were sealed at the top of the pipes with mbber stoppers. At the Ames site, suction tubes were installed at the center of all nine lysimeters (for three replications) to collect water samples from depths of 0.15, 0.3, 0.6, 0.9, 1.2, 1.5, and 2.1 m. Piezometers made of 25-mm diameter PVC pipes were installed in each lysimeter at 1.2, 1.8, and 2.4 m depths to collect water samples and to monitor piezometric heads.
At the Ankeny site, solute suction tubes were installed at depths of 0.9, 1.2, 1.5, and 2.1 m at three locations (2nd, 3rd, and 4th locations in fig. 3 ) with three replications at each location. Piezometers were also installed at three locations (1st, 3rd, and 5th locations in fig. 3) 1.2-, 1.8-, and 2.4-m deep with three replications at each location.
Water samples were collected from piezometers and solute suction tubes biweekly in 1989, and monthly in 1990 and 1991 from both sites for NO3-N analysis. A vacuum pump was used to create a vacuum in the solute suction tubes one day before sample collection. The piezometers were pumped out one day before sampling, and water samples were collected on the following day and preserved in the cold chamber at 4° C for analysis. Soil moisture contents by depth were monitored weekly using a neutron probe in the lysimeter plots and reported by Kalita and Kanwar (1992b) .
PLANT CULTURE Com (Pioneer 3379) was planted on 23 May in 1989, and 8 May in 1990 at both Ames and Ankeny sites. Harvesting dates were 31 October in 1989 and 16 October in 1990 at both sites. In 1991, com was planted on 24 May at the Ames site and 27 May at the Ankeny site; it was harvested on 10 October at both sites. Planting and harvesting in the lysimeters were manually done every year. The plant population was 66,600/ha with a row width of 0.75 m and plants spaced every 0.2 m at each site. Urea nitrogen fertilizer was applied at the surface at planting time at both sites every year at the rate of 200 kg-N ha~^ The herbicides atrazine and alachlor were applied at the surface at a rate of 2.2 kg ha"^ every year at the Ames site, but only in 1989 and 1991 at the Ankeny site.
RESULTS AND DISCUSSION
The NO3-N concentrations in groundwater were different at different water-table depths during the growing seasons. Different NO3-N concentrations were also observed at different soil depths for each WTM practice and days after planting (DAP) and for different years. Rainfall data were collected at sites that were within 100 m of the experimental fields. The 1989 season was relatively dry, with May to October rainfall totals of 456 and 494 mm at the Ames and Ankeny sites, respectively. The 1990 season was very wet in comparison to 1989, with rainfall totals of 822 and 775 mm at Ames and Ankeny sites, respectively. Seasonal rainfall totals in 1991 were 520 and 535 mm at the Ames and Ankeny sites, respectively. Figure 4 shows that in 1989, average water-table depths in the subirrigated field at the three locations where piezometers were installed, fluctuated from 1.6 to 1.0, 1.1 to 0.35, and 0.8 to 0.12 m during the period of water sample collection, and are referred to as deep, medium, and shallow water- upstream section, the shallow water table was at the downstream section, and the medium water-table was at the center of the field. Data on average NO3-N concentrations on 34 DAP (before water table treatment started) were under the natural water-table conditions. The natural water tables occurred as a result of the existence of perched water table in the glacial till soil of Iowa, and no intrusion of NO3 from outside sources into the experimental field was expected. The results show that NO3-N concentrations in groundwater under shallow water-table depths were, in most cases, lower than those under medium and deep water-table depths, and the lowest average NO3-N concentrations were observed on 84 DAP at 2.4-m piezometer depth under a shallow water-table depth of 0.12 m. Average NO3-N concentrations in groundwater generally decreased with increased soil depth under all three water-table conditions. At 1.2 m piezometer depth, the average concentration of NO3-N in groundwater varied from 7 to 2.5, 14.7 to 8.2, and 20.3 to 17 mg/L under shallow, medium, and deep water-table depths, respectively. Variations in NO3-N concentration were observed from 4.2 to 2.7, 14.6 to 6.6, and 20.2 to 14.5 mg/L at the 1.8 m piezometer depth, and from 4.1 to 2.1, 10.1 to 5.3, and 18.6 to 11.3 mg/L at the 2.4-m piezometer depth for the shallow, medium, and deep water- Depth below sojl surface, m NO3-N concentrations in groundwater may be lowered by maintaining shallow water-table depths. In 1990, water samples were collected monthly to reduce analytical costs. Figure 5 shows the average concentrations of NO3-N in piezometer water samples in 1990 as a function of water-table depth. Data on 37 DAP were under the natural water table condition. An average NO3-N concentration of as high as 67 mg/L was observed at the 1.2-m piezometer depth under the deep water-table condition. NO3-N concentrations during the early part of the growing season in 1990 were higher than those in 1989, and values varied from 42 to 18, 17 to 13, and 6 to 7 mg/L at the 1.8-m piezometer depth, and from 36 to 18, 2 to 1.5, and 4 to 1 mg/L at the 2.4-m piezometer depth under the deep, medium, and shallow water-table conditions, respectively. The major rainfall events occurring in the late spring and early part of the growing season of 1990 perhaps caused NO3-N movement from surface layer to the deeper depths immediately after N application. In 1990, plant growth was reduced at the Ankeny site because of weed competition resulting from a herbicide application error. The average NO3-N concentrations, however, were lower under shallow water-tables than under deeper watertables.
High rainfall was observed during the spring of 1991, but during the rest of the growing season, rainfall amount was very low. Figure 6 shows average NO3-N concentrations in the piezometer water samples at the 34 DAP in 1989 , 37 DAP in 1990 , and 36 DAP in 1991 are under the natural water table conditions. In 1989, groundwater samples taken at the 0.9-, 1.2-, 1.5-, and 2.1-m suction tube depths showed NO3-N concentration trends similar to the piezometer samples under shallow, medium, and deep water-table depths. Average NO3-N concentrations at the 0.9-m suction tube depth were reduced from 21 to 6, 49 to 8, and 31 to 3 mg/L for the shallow, medium, and deep water-table depths. At the 1.2-, 1.5-, and 2.1-m suction tube depths, NO3-N concentrations, in most cases, were observed to be lower under shallow water-table depths than those under medium and deep water-table depths. On the average, the concentrations of NO3-N in groundwater were reduced to 2.3, 1.9, and 6.2 mg/L at the 2.1-m suction tube depth at the end of the 1989 growing season under shallow, medium, and deep water-table depths, respectively. With few exceptions, the 1989 data show that NO3-N concentrations in groundwater were reduced under shallow water-table depth.
In 1990, NO3-N concentrations in groundwater at the Ankeny site were, on the average, higher than those in 1989. In addition to higher rainfall during the growing season in 1990 than in 1989, this difference probably also resulted from poor plant growth, and reduced N uptake because of the herbicide application error in 1990. The average NO3-N concentrations in the groundwater at the 0.9-, 1.2-, 1.5-, and 2.1-m suction tube depths were, however, always observed lower under shallow than under medium and deep water-table depths (except three missing data on 153 DAP, table 2). Table 2 shows that, in 1991, all observed NO3-N concentrations in groundwater at the Ankeny site at the 0.9-, 1.5-, and 2.1-m suction tube depths were less than 20 mg/L. In 1991, water samples were not collected from 1.2-m suction tube depth to reduce analytical costs. Because of several missing data at the 0.9-m suction tube depth (we were unable to collect few samples from 0.9-m depth on few days), no clear trend of NO3-N with water table depth was observed at the 0.9-m suction tube depth. However, at the 1.5-and 2.1-m suction tube depths, average NO3-N concentrations under shallow water table depth were always lower than those under medium and deep water table depths.
GROUNDWATER NO3-N CONCENTRATIONS AT AMES SITE
Piezometer Water Samples. The average NO3-N concentrations in the piezometer water samples for the lysimeter plots at the Ames site are shown as functions of DAP and water table depths in figures 7, 8, and 9 for 1989, 1990, and 1991, respectively. The data for the Ames site were plotted differently than those at the Ankeny site only for viewing the trends of NO3-N concentrations under different water-table conditions with time during the growing season. At the Ames site, water-table depths were constantly maintained at 0.3, 0.6, and 0.9 m in the lysimeters from about 50 DAP to the end of the growing season every year. Figure 7 shows that in 1989, average NO3-N concentrations in groundwater were less than 10 mg/L (the U.S. EPA drinking water standard maximum for NO3-N) at the 1.2-, 1.8-, and 2.4-m piezometer depths under all three water-table conditions. TTie lowest average concentration of NO3-N in groundwater was observed, in most cases, under the 0.3-m water-table depth during the season. Although there was a decreasing trend of average NO3-N concentrations in groundwater with time, this trend was not consistent towards the end of the season. After harvesting (140 DAP), average NO3-N concentrations in groundwater at the 1.2-m piezometer depth increased under all three water-table conditions. observed in 1991 ( fig. 9 ). The average NO3-N concentrations in groundwater at the 1.2-m piezometer depth decreased from 40 to 28, 9 to 5.5, and 9 to 4 mg/L during the growing season under the 0.9-, 0.6-, and 0.3-m water-table depths, respectively. The lowest average NO3-N concentrations were observed under the 0.3-m water-table depth at all locations and sampling depths during the season. These data suggest, at least for these study conditions, that with the 0.3-and 0.6-m water-table depths, conditions exist that enhance the reduction of NO3-N in groundwater to an average NO3-N concentration below 10 mg/L at the L2-, 1.8-, and 2.4-m piezometer depths. Suction Tube Water Samples. The average NO3-N concentrations in groundwater at the 0.3-, 0.6-, 0.9-, 1.2-, 1.5-, and 2.1-m suction tube depths for 1989, 1990 , and 1991 at the Ames site are presented in table 2. In 1989, observed NO3-N concentrations under the 0.3-, 0.6-, and 0.9-m water-table depths were less than 10 mg/L at the 1.5-and 2.1-m suction tube depths. At the 0.3-m suction tube depth, with a water-table depth of 0.3 m, observed NO3-N concentrations decreased from a high of 18.4 mg/L at the beginning of the growing season, to a low of 0.7 mg/L on 134 DAP, and increased again to 7 mg/L after harvesting (162 DAP). But with the water-table depth of 0.6 m, observed NO3-N concentration in the unsaturated zone at 0.3-m suction tube depth was as high as 33.6 mg/L on 63 DAP, and then decreased to 6.9 mg/L on 77 DAP, and 11.1 mg/L on 162 DAP. Similarly, with the 0.9-m water-table depth, observed NO3-N concentrations in the unsaturated zone at 0.6-m suction tube depth varied from 16.5 mg/L on 63 DAP to 3.3 mg/L on 91 DAP, and again increased to 16.2 on 162 DAP. However, the above two statements are based on very few observed NO3-N concentrations from the unsaturated zone; groundwater samples were not available most of the time from the unsaturated zone. In 1989, the average NO3-N concentrations in groundwater decreased with increasing soil depth, but this trend was inconsistent for 50% of the time over the entire season. The average NO3-N concentrations in groundwater were reduced at the shallow water-table depth in most cases.
In 1990, the analysis of water samples in the unsaturated zone at 0.3-m suction tube depth in the lysimeter plots showed that a NO3-N concentration of 285 mg/L was detected after a major rainfall on 95 DAP. This probably happened because of the movement of surface applied fertilizer in to the soil with rain water. The average NO3-N concentrations of 100 and 98 mg/L were also observed at the 0.6-m suction tube depth for the water-table depths of 0.6 and 0.9 m, respectively, on 67 DAP (table 2) Days after planting Over all the site and plot conditions of this study, the observed NO3-N concentrations in the unsaturated zone were generally greater than those in the saturated zone. Much of the data presented in figures 4-9 and table 2 indicate that maintaining a water-table at a shallow depth may substantially reduce NO3-N concentrations in groundwater.
The reduction of NO3-N concentration at shallow watertable depth was possibly enhanced by increased denitrification. In the saturated zone where air in the pore space may be replaced by water, the bacterial reduction of NO3-N to nitrogen gas may have been greatly enhanced. Drury et al. (1991) reported that soil physical and chemical factors will affect the rate of denitrification in the soil. They observed a direct relationship between denitrification and microbial biomass content, where, microbial biomass in the soil is a function of oxygen, organic carbon, pH, and temperature. Myrold and Tiedje (1985) reported that active denitrifier biomass was directly related to moisture content and organic carbon, whereas pH had no consistent effect on denitrification. However, they stated that under saturated soil conditions, the denitrification capacity could be significantly increased.
The reports (Drury et al., 1991; Myrold and Tiedje, 1985) support the results of the WTM experiments presented herein, in which average NO3-N concentrations in groundwater were generally lower where shallow watertable depths were maintained. The organic matter content of the soil at the experimental sites decreased with increased soil depths (table 1), and therefore, there was the potential for a sufficient microbial population at the shallow depth to enhance denitrification. When the watertable elevation was raised to shallow depths (0.3 to 0.6 m), the denitrifying bacterial activity in the saturated zone may have increased, thus, reducing NO3-N concentrations in groundwater. At deeper depths, organic matter content was lower, and therefore, although the soil was saturated with a water-table depth of 0.9 to 1.1 m and anaerobic conditions may have been present, the reduction of NO3-N concentrations possibly took place at a slower rate or not at all.
Our speculative relation between the proposed enhanced rate of denitrification and suspected increased anaerobic condition with increased soil depth under any water-table depth, however, is totally undefined for our study conditions.
Crop Yield. Average com yields for 1989, 1990 , and 1991 for the Ames and Ankeny sites are presented in table 3. At the Ames site, the highest corn yield was obtained from the plots under the 0.9-m water-table depth, and the lowest yield was obtained from the plots under the 0.3-m water-table depth. Yields for 1989 were lower than those for 1990 and 1991. In 1989, top soil in the lysimeter field was disturbed before planting during the installation of the PVC liner. Moreover, 1989 was a dry year, and seed germination was poor. Many plants were transplanted, and their growth was poor in 1989.
At the Ankeny site, the highest yields were obtained when water-table depths varied from 0.6 to 0.9 m in 1989 and 1991. In 1990, crop growth was very poor because of weed competition. Weed growth was minimum at the location where the water table was maintained at the 1.1-m level, and the highest yield was obtained from that location. At a water-table depth of 0.2 m, crop yield was very poor in 1990. The combination of high rainfall amounts and shallow water-table produced conditions where the water table was within 0.03-m depth from the surface for a few days during the growing season, and yield Yield data showed a decreasing trend with shallow water-table depths. In the lysimeter plots, crop yields were maximum under a water-table depth of 0.9 m. In the subirrigation field, a water-table depth of 0.6 to 0.9 m showed the highest crop yields. Therefore, the lowest NO3-N concentration in groundwater and the highest com yield data observed from the WTM study in Iowa lead us to the conclusion that, under our experimental conditions, although the 0.3-m water-table depth is the most suitable from water quality view point, this water-table depth may not be useful if the highest crop production is desired. The use of 0.6-m water-table depth may result a substantial decrease in NO3-N concentrations (than that under 0.9-m water-table depth) and crop yield may also be sustained at an higher level, and therefore, may be used as an appropriate WTM practice under conditions similar to these existing experimental conditions. However, results of this study strongly support the need for more research with WTM practices in conjunction with other sound agricultural practices to develop best management practices for groundwater quality and crop production.
